The interactions between distinctive alloying elements have been scrutinized through atomistic investigation for essential material selection. The tight-binding model was applied to compute the thermodynamic properties of V, Cr, Mo, and Fe metals and their binary alloys. The calculated results agree with the accessible experiment in some cases, while some are closer in agreement with the experiment. The minimum formation enthalpies observed are -17.80, -15.20, -13.10, -11.50, and -0.90 eV for Cr-Mo, Cr-V, Fe-V, V-Fe, and Mo-Cr, respectively. The Cr-Mo alloy is the most stable of all the selected alloys with the least formation enthalpy. For the alloy structure, bcc phases were observed for V0.50Cr0.50, V 0.01 M o0. 99 , V0.50F e0.50, and Cr0.01M o0.99 alloys with values of VEC of <6.87. Furthermore, fcc and bcc coexist for Cr0.50F e0.50 and M o0.50F e0.50 alloys, which have VEC values between 6.87 and 8.
Introduction
In order to meet the industrial need for alloys with lower weight and superior mechanical properties, it is necessary to obtain a detailed understanding of the role of individual alloying elements. The bcc metals V, Cr, Mo, and Fe and their alloys have exclusive properties that encourage their processes and applications in the electronics, aerospace, nuclear, and automotive industries, which are not likely to be feasible with the majority of the more common metals and alloys.
The thermodynamic properties of metallic alloys are very interesting and need to be considered in any material selection. An alloy is a solid solution that consists of two or more metallic phases. The enthalpy change, which is one of the thermodynamic properties, is the total amount of heat energy released or absorbed during the dissolving process of one element in another while the pressure remains fixed.
Alloy systems in the same manner as Cr-Mo, Cr-Fe, Cr-Al, Cr-Mo, Cr-Nb, and Cr-Fe-Mo represent a group of alloy systems having superb high-temperature strength and high flexibility with moderate corrosion. The stated properties have brought alloy systems much attention from researchers in various useful applications, such as in steel production and surgical implants [1, 2] , including the aerospace and automobile industries [3] .
They are also useful structural materials for atomic reactors [1, 4] , complex bulk metallic glasses [5] , and heatresistant and corrosion-resistant protective coatings [2, 6] . Therefore, to improve the structural and mechanical properties of Cr-based alloys for different applications, mixing them with other elements like Mo has attained useful results and is effective in improving the strength of chromium alloy coatings [7] [8] [9] [10] [11] . The phase oxides of molybdenum (Mo) are useful in preparing materials with solid lubricant potential, which considerably reduces the coefficient of friction [12, 13] . * Correspondence: taiwo.akande@eksu.edu.ng At low temperatures, Cr-Mo and Cr-Fe binary alloys are equipped with the miscibility interstice of the body-centered cubic crystal in their solid phase. Alloys with the miscibility interstice tend to decay in such a way that the level of Cr or Fe in the bcc phase is high [14, 15] . Furthermore, an addition of approximately 1% of Mo-and Cr-based alloys can bring sudden phase separation [16] .
Researchers are making necessary attempts to bridge the gap between accessible experimental information for a regular description of the thermodynamics of the phases present in some Cr-based binary alloy systems [14, 17, 18] . Various applications of chromium-based alloys have increased steadily and the use of atomistic investigation for their structural performance has contributed to their usefulness [1, 14, 15] . Nevertheless, the measurement of thermodynamic physical quantities of binary alloy systems consisting of elements like Cr, Mo, V, and Fe still requires more attention. In particular, the surface properties of the pure components of ternary and binary Cr-based alloys are available [19] . Since the measurements of the thermodynamic properties of the components and temperature ranges may not be easily performed, the unavailable thermodynamic properties can be investigated through atomistic simulations.
Knowledge of the thermodynamic properties of the metals Cr, Mo, V, and Fe is very essential to gain a qualitative understanding of their mixing, energetics, and structural behavior. According to the Hume-Rothery rules of alloy formation, for Cr-Mo and Cr-Fe binary alloys, the electronegativity differences ( ∆χ) are -0.20 and -0.20, respectively [20] ; size ratios (R) are approximately 1.30 and 0.98, respectively [7] ; and valency differences (V) are 0 or 2 [21] .
A simple scheme has been developed [22] for the study of liquid alloy systems having miscibility interstice tendencies. This scheme has been employed to simulate liquid Cr-Mo and Cr-Fe binary alloy systems [23] .
The most familiar metallic materials are not usually in their pure form; they are alloys, in which their properties have been intentionally altered to improve their quality. The addition of impurity to metals alters the specific characteristics of the metals and therefore results in the formation of a new solid solution. In most cases the crystal structure remains depending on the amount of impurity, concentrations, and the temperature of the alloy. The atomic size difference (σ), electronegativity difference ( ∆χ ), valence electron concentration (VEC), and enthalpy of mixing are also vital when considering alloy formation. Hume-Rothery discovered that definite structures of compounds begin in particular ranges of the valence electron concentration and indicate the total number of valence electrons in the alloy [24] .
The heats of solution and formation of some alloy systems have been calculated using an empirical model from thermodynamics [25, 26] . An analytic nearest neighbor embedded-atom-method (EAM) model was developed to calculate the parameters of bcc metals [27] . Johnson and Oh calculated the vacancy formation and migration energies of some metallic elements [28] . Some of the functions were slightly altered to improve their fit to vacancy formation and migration properties.
Furthermore, for material selection, the bulk modulus is one of the important properties that must be considered; therefore, it is necessary at the same time to estimate the bulk modulus of material for industrial applications. Weight reduction is still the most cost-effective means to reduce fuel consumption and greenhouse gas emissions for the transportation sector. It has been estimated that there is a 7% reduction in fuel consumption for every 10% weight reduction in a vehicle's total weight [29] . Therefore, alloy density was computed to check for the possibility of obtaining a lightweight alloy.
In the present study, the heats of solution for the binary alloys of V, Cr, Mo, and Fe bcc metals were calculated using the tight-binding (TB) model. The bulk moduli for the metallic element and their binary alloys were calculated from the experimental data using the first-principles calculation. The bulk moduli of these alloys are of interest due to the structural and mechanical properties of their constituent elements. The enthalpy of formation for some of the alloys was also predicted.
In the early 1980s, Daw and Baskes [30] suggested the total energy of an atom as:
where:
The parameter F i (ρ i ) is the energy to insert an atom into the local environment of the electron provided by the remainder of the atoms, ϕ ij is an electrostatic two-body interaction between atoms i and j , and f ij (r ij ) is the local electron density.
TB models have existed for a long time as easy and transparent models that can describe the structure of solids with an extension to alloy. They differ from other models like EAM and local density approximation (LDA) because they involve a clear-cut calculation of the electron total energy. The reliability of the embedding functional of EAM has been tested on simulations of Ta, Mo, and W metals and their binary alloys [31] . A simple analytical EAM model is useful in calculating the dilute solution and formation enthalpies of bcc metals including Cr and its applications [32] .
EAM usually fails when there are large electron density gradients and the failure has been attributed to the violation of the uniform density approximation (UDA) of EAM [33] . The TB method has been extended to the majority of the alkaline earth, transition, and noble metals [34] . The TB model has been used to predict some useful parameters of fcc and bcc metallic elements [35] .
Theory

Tight-binding (TB) model
The TB model approximation for the total energy in metallic cohesion is as expressed in Eq. (3) [36] :
where E T is the total energy. ϕ (r) and F (ρ) represent the potential interaction energy and the embedding energy of the ith atom respectively. The potential energy is taken as:
The embedding energy can be written for an atom ias:
The density function, ρ (r) , is expressed as:
The nearest neighbor distance is given as:
The total energy is then written as:
In Eqs. (3)-(9), r ij is the distance between atoms i and j , and Apq ξ , and r o are adjustable parameters.
Thermodynamic properties
The thermodynamic properties of alloys can be computed using the alloy model that takes account of the electron density f a (r) of the impurity and electron density f b (r) of the host atoms in addition to their potentials ϕ aa (r) and ϕ bb (r) . The embedding energy functions F a (ρ) and F b (ρ) for the binary alloy is computed using Eq. (5) and the alloys' pair potential is calculated through the mixing rule [28] in Eq. (10):
Heats of solution
The heats of solution for an atom of b-type as an impurity or solute and atom of a-type as the host or solvent is calculated as the summation of the following four terms [28] :
Remove host:
Add impurity:
Adjust neighbors:
and
Adjust cohesive energy:
Relaxation energy:
Here, ρ a e is the equilibrium electron density, E c is the cohesive energy, r a e represents the equilibrium nearest neighbor distance, Ω is the atomic volume, and the subscripts a and b represent impurity and host, respectively.
Enthalpy of formation
The enthalpy of formation of an alloy expresses the most stable form of an element under pressure during formation from its constituent elements having all other substances in their standard states. The enthalpy of formation is predicted as follows:
∆H f is the enthalpy of formation, E T is the total energy, E a C is the cohesive energy of atom a, and E b C is the cohesive energy of atom b. x is the concentration.
The Gibbs free energy of mixing for the alloy system can be expressed as follows:
where ∆G mix is the Gibbs free energy of mixing, ∆H mix and ∆S mix are respectively the enthalpy and entropy of mixing, and T is the absolute temperature. High entropy occurs and leads to lower Gibbs free energy, which makes the alloy more stable at a constant Gibbs free energy of mixing [37] :
where Ω ij = 4∆H AB mix is the regular solution interaction parameter between the ith and jth element, c i or c j is the atomic percentage of the ith or jth component, and ∆H AB mix is the enthalpy of mixing of the binary alloys [37] .
The entropy of mixing was calculated as follows:
where R = 8.314JK −1 mol −1 is the gas constant and 2 i=1 c i = 1 . The melting temperature T m was calculated using the rule of mixtures:
where (T m ) i is the melting point of the ith element. T m values were selected from the literature [38] . For the considered alloy, the atomic size difference is calculated as:
From the classical Hume-Rothery rule [38] , the electronegativity difference, ∆χ , is calculated as:
The VEC is also an important parameter that is applicable in determining the phase stability of intermetallic compounds, defined as:
where (V EC) iis the VEC for the ith element and it takes account of the total electrons in addition to the d-electrons within the valence band [39] . The VEC is a vital parameter in determining the formation of fcc or bcc types of solid solutions [40] .
Bulk modulus
Alloys usually have resistance to compression and the resistance can be quantified using the bulk modulus. The bulk modulus discussion is not complete without the molar volume and the electron density, which is relevant to the properties of alloys. The bulk modulus is related to the interatomic potential, which is used to describe the behavior of the alloy system.
The metallic bulk modulus was obtained from the experimental data using the following equation:
The alloy lattice constant a AB can be expressed as:
where x is the atomic concentration of the compound, a A is the lattice constant of atom A , a B is the lattice constant of atom B , and a AB is the lattice constant of the solid solution.
The atomic volume of the alloy is calculated as follows:
Since the alloys have the same crystal structure as the constituent metals, Vegard's law is used to compute the bulk modulus [41] . The mass concentration of atom A and B is calculated with the following:
and the theoretical density of the alloy is estimated using:
m AB is the mass of the alloy and n is the number of atoms in the unit cell of the structure. The bulk modulus B AB is calculated using the following:
Results and discussion
The TB model was applied to calculate the embedding energies of the selected body-centered cubic (bcc) V, Cr, Mo, and Fe metals and these were used to compute both unrelaxed and relaxed heats of solutions of their binary alloys. The parameters in Table 1 were fitted into TB Eqs. (4) and (5) . The pair cross-potentials ϕ ab (r)
were calculated using the mixing model in Eq. (10) . The heats of solution at equilibrium were computed using Eqs. (11)- (17) . Table 1 . Parameters of tight-binding potential for V, Cr, Mo, and Fe [35] . Source of experimental data: elastic constants C11 , C12 , and C44 (in GPa) from [42] ; cohesive energies from [43] . Figure 1 shows the variation in the total energy (Eq. (1)) of the selected metals with distance. The curves revealed that as the atoms move closer to each other, they exert either repulsive or attractive force on one another, but there is a stronger repulsion than attraction because the outer electron shells protrude outwards. Therefore, the minimum total energy occurs at the equilibrium separation point. Table 2 shows the values of the model parameters generated from Miedema's microscopic model [26] , used in calculating the enthalpy of mixing, ∆H mix , for the chosen concentration of the binary alloys. It can be observed that the selected composition may form a solid solution according to the Hume-Rothery rules. The values of enthalpy of mixing were obtained using Miedema's model [37] . Table 3 presents the calculated and experimental bulk moduli of the metals. The ratio of the bulk modulus to the shear modulus was used to explain the frailty and strength of materials [48] . In the present work, the ratio of the bulk to shear modulus values of V, Mo, and Fe is above 1.75, which shows their ductility, except that of Cr, which is less than 1.75, and hence we conclude that Cr is the most brittle of the selected metals while V represents the most ductile metal. Table 4 presents the calculated bulk modulus B AB , density ρ AB , mass m AB , and volume Ω AB for some of the selected binary alloys. These values were calculated for the 12 binary alloys of V, Cr, Mo, and Fe but we selected V-Cr, V-Mo, V-Fe, Cr-Mo, Cr-Fe, and Mo-Fe based on the fact that the calculated values of B AB , ρ AB , m AB , and Ω AB for the binary alloy A − B is the same as that of B − A since they have the same concentrations. Of the six selected alloys, the largest value of bulk modulus occurs for Cr 0.5 Mo 0.5 , which reveals that it can withstand compressional force better as compared to other alloys. The calculated values of heats of solution at equilibrium are shown in Table 5 . Table 6 . In Figure 3 , the atomic electron density decreases exponentially with distance and equilibrium is achieved for all the metals in the range of 0.88 Å to 1.10 Å. The electron density decreases as the distance increases. As their electron densities approach zero, there is convergence, which follows a direct line with a further advance in the distance. The electronegativity difference and valence electron concentration prove useful in determining the solid solubility [24] . These two parameters were also used as phase selection criteria.
Conclusion
Using TB approximation, the thermodynamic properties for the binary alloys of V, Cr, Mo, and Fe for both unrelaxed and relaxed values were calculated. The computed values with and without relaxation agree with the experimental data for V-Cr, Fe-V, and Mo-Cr, but Cr-Mo (with no relaxation) and V-Fe (with relaxation) are in close agreement with the experiments. The calculated bulk and shear moduli for the metals are in reasonable agreement with the experimental results.
It was also observed that, among these alloys, the most stable is Cr-Mo, with the least formation enthalpy, as shown in Figure 2 . The most brittle of these metallic elements is Cr due to the lowest value of bulk to shear modulus ratio. From Table 6 , it can be observed that elements with lower VECs form higher percentages of alloys with bcc structure because their alloys have lower VECs. The bcc phase appears when VEC is <6.87, fcc forms when VEC is ≥8, and fcc and bcc coexist in between [19] . Therefore, we conclude that bcc phases are formed for V 0.50 Cr 0.50 , V 0.01 M o 0.99 , V 0.50 F e 0.50 , and Cr 0.01 M o 0.99 alloys with values of VEC of <6.87 and also that fcc and bcc coexist for Cr 0.50 F e 0.50 and M o 0.50 F e 0.50 with VEC values between 6.87 and 8.
Since most familiar metals are not highly pure, some of these alloys can be used as substitutes for refractory metals because of their high melting temperature.
